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$EVWUDFW /DNH 7DLKX ZDV FKRVHQ DV D FDVH IRU SDUDPHWHU XQFHUWDLQW\ DQG16 
VHQVLWLYLW\ DQDO\VLV RI ZDWHU TXDOLW\ VLPXODWLRQ LQ ODUJH VKDOORZ ODNHV )RUW\17 
SDUDPHWHUV LQ(QYLURQPHQWDO)OXLG'\QDPLF&RGHPRGHO ()'&ZHUH ILOWHUHGDQG18 
DQDO\]HG 7KH UHVXOWV VKRZHG WKDW SDUDPHWHUV KDG D FRQVLGHUDEOH LQIOXHQFH RQ19 
VLPXODWLRQDQGWKUHHJURXSVRISDUDPHWHUVUHODWHGWRDOJDONLQHWLFVLH30F%05F20 
DQG355FOLJKW.H&KODQGWHPSHUDWXUH.7*FZHUHYHU\VHQVLWLYH)RUVKDOORZ21 
ODNHV ZLWK IUHTXHQW DOJDO EORRPV OLJKW H[WLQFWLRQ GXH WR &KORURSK\OO-D LV DOVR D22 
VHQVLWLYH SDUDPHWHU :KLOH WKH WHPSHUDWXUH HIIHFW FRHIILFLHQW IRU DOJDO JURZWK LV23 
VHQVLWLYHIRUODNHVZLWKVHDVRQDOWHPSHUDWXUHYDULDWLRQ6HQVLWLYHSDUDPHWHUVDQGWKHLU24 
UHOHYDQW XQFHUWDLQW\ YDULHG VSDWLDOO\ )RU KLJK QXWULHQWV DQG DOJDH FRQFHQWUDWLRQ25 
VXEDUHDV WHPSHUDWXUH ZDV PRUH OLNHO\ WR EH D OLPLWLQJ IDFWRU ZKHUHDV VHQVLWLYH26 
IDFWRUV FRXOG EH OLJKW LQ ORZHU FRQFHQWUDWLRQ VXEDUHDV 6LQFH PRVW VHQVLWLYH27 
SDUDPHWHUVZHUHUHODWHGWRDOJDHXQFHUWDLQW\LQVLPXODWLRQLQFUHDVHGZLWKLQFUHDVLQJ28 
DOJDONLQHWLFSURFHVVHVRYHUWLPHDQGYDULHGLQGLIIHUHQWVXEDUHDV/RZHUQXWULHQWVDQG29 
DOJDHFRQFHQWUDWLRQVXEDUHDVZHUHPRUHHDVLO\LQIOXHQFHGE\PRGHOSDUDPHWHUVZKLOH30 
QHDUVKRUHDUHDVZHUHKLJKO\LQIOXHQFHGE\ERXQGDU\FRQGLWLRQV)RUEHWWHUVLPXODWLRQ31 
RIZDWHUTXDOLW\YDULDEOH VWRLFKLRPHWU\SK\WRSODQNWRQPRGHOV VKRXOGEH FRQVLGHUHG32 
DQG ]RRSODQNWRQ QHHG WR EH LQWHJUDWHG LQWR WKH PRGHO H[SOLFLWO\ UDWKHU WKDQ D IL[HG33 
SUHGDWLRQUDWH 34 
.H\ ZRUGV /DNH 7DLKX 6HQVLWLYLW\ DQDO\VLV 8QFHUWDLQW\ DQDO\VLV :DWHU TXDOLW\35 
PRGHOV  36 
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1 Introduction 37 
:DWHU TXDOLW\ PRGHOV :40V YDOXDEOH WRROV RI VXSSRUWLQJ ZDWHU TXDOLW\38 
SUHGLFWLRQVKDYHEHHQZLGHO\DSSOLHG LQHQYLURQPHQWDOPDQDJHPHQW LQ UHFHQW\HDUV39 
(Arhonditsis and Brett 2005; Li and Zhang et al. 2015; Xu et al. 2013; Cerco and Cole 40 
1993) +RZHYHU WKH LQKHUHQW XQFHUWDLQW\ RI WKHVH PRGHOV LV JUHDWO\ LQIOXHQFHG E\41 
IDFWRUV LQFOXGLQJ PRGHO-VWUXFWXUH XQFHUWDLQW\ PRGHO-LQSXW XQFHUWDLQW\42 
PRGHO-SDUDPHWHUXQFHUWDLQW\DQGPHDVXUHPHQWHUURUV(Radwan et al. 2002):LWKWKH43 
GHYHORSPHQW DQG DSSOLFDWLRQ RI SHUIRUPDQFH FRPSXWLQJ WHFKQRORJ\ PDQ\ ZDWHU44 
TXDOLW\ PRGHOV ZLWK JRRG VWUXFWXUH DQG FRPSOH[ SDUDPHWHUV KDYH EHHQ GHYHORSHG45 
(Wang, Li and Jia et al. 2013) +RZHYHU DQ LQFUHDVLQJ QXPEHU RI SDUDPHWHUV KDV46 
UHVXOWHG LQD VKDUS LQFUHDVH LQFRPSXWDWLRQDO UHTXLUHPHQWVDQG WKXVH[DFHUEDWHG WKH47 
FRPSOH[LW\ RI WKHVH PRGHOV +LJKO\ LQWHUDFWLYH SDUDPHWHU VSDFHV DQG WKH QRQOLQHDU48 
QRQ-PRQRWRQRXVREMHFWLYHVSDFHVKDYHLQFUHDVHGWKHGLIILFXOW\RIFDOLEUDWLRQ(Gupta 49 
et al. 2000; Herman et al. 2013; Yi et al. 2016)  50 
,QRUGHUWRLPSURYHWKHDFFXUDF\DQGUDWLRQDOLW\RIPRGHOSUHGLFWLRQVDQGVWXG\51 
WKH SDUDPHWULF XQFHUWDLQW\ DQG VHQVLWLYLW\ RI PRGHOV ZH FRQGXFWHG  VHYHUDO52 
XQFHUWDLQW\ DQG VHQVLWLYLW\ VWXGLHV LQ GLIIHUHQW ZDWHU ERGLHV VXFK DV ULYHUV ODNHV53 
UHVHUYRLUVHVWXDULHVDQGFRDVWVWRLGHQWLI\VXEVHWVRILPSRUWDQWPRGHOSDUDPHWHUVWKDW54 
VLJQLILFDQWO\ LQIOXHQFH PRGHO RXWSXWV KDYH EHHQ FDUULHG RXW (Muleta et al. 2005; 55 
Neumann 2012; Yi et al. 2016)$PRQJVWWKHVHVWXGLHVODUJHVKDOORZODNHVDUHRIWHQ56 
DFFRPSDQLHG ZLWK FRPSOH[ K\GURG\QDPLF DQG HXWURSKLFDWLRQ SUREOHPV 7KH57 
VLPXODWLRQRIZDWHUTXDOLW\LVGLIILFXOWDQGIHZVWXGLHVZHUHFRQGXFWHGRQSDUDPHWHUV58 
XQGHUGLIIHUHQWVLWXDWLRQV  59 
7KH K\GURG\QDPLF FRQGLWLRQV LQ ODUJH VKDOORZ ODNHV DUH KLJKO\ LQIOXHQFHG E\60 
ZLQG-ZDYH7KH\DUHQRWOLNHRWKHUGHHSODNHVRUUHVHUYRLUVZKLFKPD\EHGULYHQE\61 
WKHUPDOVWUDWLILFDWLRQ3DUDPHWHUVUHODWHGWRZLQGDQGZDYHOLNHZLQGGUDJFRHIILFLHQW62 
ZHUH VXSSRVHG WR EH VHQVLWLYH SDUDPHWHUV LQ VLPXODWLRQ (Li and Tang et al. 2015)63 
6RPHODUJHVKDOORZODNHVDOVRIDFHVHULRXVHXWURSKLFDWLRQDQGDOJDOEORRPSUREOHPV64 
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OLNH /DNH 7DLKX 3DUDPHWULF XQFHUWDLQW\ LV FRQVLGHUDEOH ZLWK SDUDPHWHUV UHODWHG WR65 
JURZWK UHVSLUDWLRQ DQG GHDWK RI DOJDH DQG ]RRSODQNWRQ JHQHUDOO\ VHQVLWLYH LQ ODNH66 
HXWURSKLFDWLRQ PRGHOV (Omlin et al. 2001; Missaghi et al. 2013) 7KUHH IDFWRUV LH67 
QXWULHQWV WHPSHUDWXUH DQG OLJKW DUH FRQVLGHUHG WR FRQWURO WKH DOJDO JURZWK EXW WKH68 
OLPLWDWLRQIDFWRUVDUHQRUPDOO\QRWVRFOHDULQPDQ\FDVHV)RUH[DPSOHSKRVSKRUXV69 
ZDV WKRXJKW WR EH WKH OLPLWDWLRQ IDFWRUV LQ /DNH 7DLKX EHIRUH EXW WKH LQIOXHQFH RI70 
QLWURJHQ LV DOVR TXLWH LPSRUWDQW E\ UHFHQW UHVHDUFKHV (Tang et al. 2016; Paerl et al. 71 
2011) 6RPH W\SLFDO ODUJH VKDOORZ ODNH PRGHOV ZKLFK KDYH EHHQ DQDO\]HG ZLWK72 
GLIIHUHQW PHWKRGV VKRZHG WKDW SDUDPHWHUV UHODWHG WR OLJKW DQG WHPSHUDWXUH ZHUH73 
VLJQLILFDQWIRUH[DPSOHLQWKH9HQLFLDQ/DJRRQ(Pastres and Ciavatta 2005; Pastres et 74 
al. 1997) DQG 'LDQ /DNH &KLQD (Yi et al. 2016) 3DUDPHWHUV UHODWHG WR OLPLWDWLRQ75 
IDFWRUV ZLOO FKDQJH DFFRUGLQJ WR UHDO VLWXDWLRQ DQG VHQVLWLYLWLHV RI WKHVH SDUDPHWHUV76 
QHHG WR EH LQYHVWLJDWHG 6HGLPHQW LV DOVR DQ LPSRUWDQW VRXUFH RI SROOXWLRQ DQG77 
SDUDPHWHUVUHODWHGWRVHWWOLQJYHORFLW\DQGPLQHUDOL]DWLRQZHUHIRXQGWREHVHQVLWLYHLQ78 
VRPHPRGHOV(Missaghi et al. 2013)5HVHDUFKHVRQGLIIHUHQWPRGHOVRIVKDOORZODNHV79 
VXJJHVWHG WKDW WKH DGVRUSWLRQFRQVWDQWZDV UHODWLYHO\ LPSRUWDQW LQ WKH VLPXODWLRQRI80 
WRWDO QLWURJHQ ZKHUHDV PLQHUDOL]DWLRQ DQG VHWWOLQJ UDWHV ZHUH VHQVLWLYH WR WRWDO81 
SKRVSKRUXV(Janse et al. 2010)  82 
0HWHRURORJLFDO DQG K\GURG\QDPLF VLWXDWLRQV SROOXWDQW LQIORZ DQG EDWK\PHWULF83 
YDULDQFHLQODNHVDQGUHVHUYRLUVUHVXOWVLQLQKHUHQWWHPSRUDODQGVSDWLDOYDULDELOLW\LQ84 
ZDWHU TXDOLW\ (Missaghi et al. 2013) ,Q D PXOWL-GLPHQVLRQDO PRGHO IRUPXODWHG E\85 
SK\VLFDO FKHPLFDO DQG ELRORJLFDO SURFHVVHV PRGHO EHKDYLRU PD\ YDU\ DFURVV WKH86 
VSDWLDO GRPDLQ ZKLOVW WLPH-GHSHQGHQF\ VKRXOG DOVR EH FRQVLGHUHG EHFDXVH RI87 
WLPH-YDU\LQJVHQVLWLYLWLHV(Herman et al. 2013; Wang, Li and Lu et al. 2013; Herman 88 
et al. 2013) +RZHYHU IHZ VWXGLHV LQYROYLQJ FRPSOH[ ZDWHU TXDOLW\ PRGHOV RI89 
PXOWL-GLPHQVLRQDOODNHVRUUHVHUYRLUVKDYHEHHQFRQGXFWHGRQWKLVSUREOHP  90 
,Q WKLV UHVHDUFK ZH FKRRVH /DNH 7DLKX D ODUJH VKDOORZ ODNH WKH WKLUG ODUJHVW91 
IUHVKZDWHUODNHLQ&KLQDDVDQH[DPSOHWRPDNHUHOHYDQWDQDO\VLV7KHZDWHUTXDOLW\92 
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PRGXOH RI WKH (QYLURQPHQWDO )OXLG '\QDPLF &RGH ()'& ZDV FKRVHQ IRU WKH93 
VLPXODWLRQ DQG ZDWHU TXDOLW\ LQGLFDWRUV VXFK DV DPPRQLD QLWURJHQ QLWUDWH QLWURJHQ94 
SKRVSKDWHDQGFKORURSK\OO-DDVPRGHORXWSXWV7KHREMHFWLYHVRIWKLVVWXG\ZHUHWKXV95 
WRTXDQWLI\WKHVHQVLWLYLW\RISDUDPHWHUVLQVLPXODWLRQRIZDWHUTXDOLW\PRGHODQG96 
HYDOXDWH XQFHUWDLQW\ FDXVHG E\ LW  DQDO\]H WKH VSDWLDO-WHPSRUDO YDULDELOLW\ RI97 
XQFHUWDLQW\DQGVHQVLWLYLW\DQGFRPSDUHZLWKRWKHUODNHVDQGH[WHQGWKHUHVXOWWRD98 
ODUJHUPRGHOOLQJFRPPXQLW\7KHUHVXOWVFDQEHXWLOL]HGLQWKHGHVLJQRIDUHDVRQDEOH99 
ZDWHUTXDOLW\PRGHOIRUODUJHVKDOORZODNHVDQGLPSURYHWKHHIILFLHQF\RIFDOLEUDWLRQ100 
RIVXFKPRGHOV  101 
2 Methods and materials  102 
2.1 6WXG\DUHD 103 
/DNH 7DLKX ORQJLWXGH މ±މ( ODWLWXGH މ±މ1 LV WKH WKLUG104 
ODUJHVW VKDOORZ IUHVKZDWHU ODNH LQ &KLQD ZLWK D VXUIDFH DUHD RI  NP DQG D105 
FDWFKPHQWDUHDRINP(Zhu et al. 2007)7KHDYHUDJHGHSWKRIWKHODNHLVP106 
DQG WKH PD[LPXP GHSWK LV P FRUUHVSRQGLQJ WR DQ HOHYDWLRQ RI P DVO (Qin 107 
2009)7KHIORRURIWKHODNHIHDWXUHVIODWWHUUDLQZLWKDQDYHUDJHWRSRJUDSKLFJUDGLHQW108 
RIމފ/DNH7DLKXKDV FRPSOH[VKRUHOLQHJHRPHWU\ DQG LV FRQQHFWHG WR109 
ULYHUVRUFKDQQHOV (Qin 2009)DQG WKHPHDQK\GUDXOLF UHWHQWLRQ WLPHLVDERXWG110 
7KHZDWHUTXDOLW\RI WKH ODNH LV VHULRXVO\GHWHULRUDWHG1XLVDQFHDOJDOEORRPVRIWHQ111 
RFFXU LQ VXPPHU DQG HDUO\ IDOO LQ PRVW ODNH DUHDV HVSHFLDOO\ 0HLOLDQJ %D\ DQG112 
=KXVKDQ%D\7KHEORRPVDUHFRQVLGHUHGWREH  WKHUHVXOWRIDFRPELQDWLRQRIKLJK113 
QXWULHQWORDGLQJDQGZHDNK\GURG\QDPLFV(Mao et al. 2008))RUWKHFRQYHQLHQFHRI114 
PDQDJHPHQWDQGPRQLWRULQJ/DNH7DLKXKDYHEHHQGLYLGHGLQWRHLJKWVXEDUHDV(Liu 115 
et al. 2014; Zhang et al. 2010)7KUHHVXEDUHDVLH0HLOLDQJ%D\&HQWUDO=RQHDQG116 
6RXWKZHVW =RQH UHSUHVHQW ED\ FHQWUDO DQG QHDUVKRUH ]RQHV UHVSHFWLYHO\ DQG117 
UHSUHVHQW GLIIHUHQW K\GURG\QDPLF DQG ZDWHU TXDOLW\ VLWXDWLRQV IRU XQFHUWDLQW\ DQG118 
VHQVLWLYLW\DQDO\VLVLQWKHZDWHUTXDOLW\PRGHO)LJ  119 
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2.2 0RGHOVHW-XSDQGFDOLEUDWLRQ 120 
7KH (QYLURQPHQWDO )OXLG '\QDPLF &RGH D WKUHH-GLPHQVLRQDO K\GURG\QDPLF121 
PRGHO RULJLQDOO\ GHYHORSHG E\ -RKQ +DPULFN (Hamrick 1996)  LV XWLOL]HG WR122 
VLPXODWHZDWHUTXDOLW\ LQ/DNH7DLKX7KHPRGHO LVRQHRI WKHPRVWZLGHO\ DSSOLHG123 
DGYDQFHG PRGHOLQJ IUDPHZRUNV IRU VLPXODWLQJ K\GURG\QDPLFV ZDWHU TXDOLW\124 
HXWURSKLFDWLRQ DQG G\QDPLF FKDQJHV DQG LQWHUDFWLRQV LQ VHGLPHQW WUDQVSRUWDWLRQ LQ125 
ODNHVULYHUVDQGHVWXDULHV(Park et al. 2012; Kim et al. 2011; Li et al. 2011)$ODUJH126 
QXPEHURIDSSOLFDWLRQVKDYHGHPRQVWUDWHGWKDWWKHPRGHOKDVFRQVLGHUDEOHJHQHUDOLW\127 
FRQYHQLHQWRSHUDWLRQDQGIDVWHUFDOFXODWLRQWLPHV(Wu and Xu 2011; Youngteck and 128 
Jinhyeog 2009) 129 
  130 
)LJ/RFDWLRQRIWKHVWXG\DUHDVXUURXQGLQJULYHUVDQGPRQLWRULQJVWDWLRQVLQDQGDURXQG/DNH131 
7DLKX&KLQD:DWHUOHYHOPRQLWRULQJVWDWLRQV-UHSUHVHQW'DSXNRX-LDSX;LDRPHLNRXDQG132 
;LVKDQUHVSHFWLYHO\ 133 
8QLIRUPUHFWDQJXODUJULGVZHUHXWLOL]HGWRVHW-XSWKHPRGHOIRU/DNH7DLKXLQWKH134 
KRUL]RQWDOSODQH ,Q WKHYHUWLFDOGLUHFWLRQYHUWLFDOVLJPDFRRUGLQDWHVZLWKDQHYHQO\135 
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GLVWULEXWHG WKUHH-OD\HU V\VWHP ZHUH DGRSWHG DV D WUDGH-RII EHWZHHQ UHVROXWLRQ DQG136 
VWDELOLW\LVVXHV(Li and Tang et al. 2015)7KHHIIHFWRIWHPSHUDWXUHVWUDWLILFDWLRQZDV137 
LJQRUHGEHFDXVHWKHODNHZDVVKDOORZ7KHPRGHOZDVGULYHQE\DWPRVSKHULFIRUFLQJ138 
VXUIDFH ZLQG VWUHVV WULEXWDU\ LQIORZRXWIORZ DQG EHQWKLF IOX[HV )LJ 139 
,QIORZRXWIORZ WULEXWDULHV ZHUH JHQHUDOL]HG LQWR  SULPDU\ ULYHUV )LJ 140 
$WPRVSKHULFSUHFLSLWDWLRQGDWDZDVREWDLQHGE\DYHUDJLQJGDWDIURPHLJKWPRQLWRULQJ141 
VWDWLRQV QHDU WKH ODNH )LJ  7KH ZLQG GDWD ZDV FROOHFWHG IURP SUHYLRXV ILHOG142 
PRQLWRULQJ (Li and Tang et al. 2015) %HQWKLF IOX[HV ZHUH VHW ]RQDOO\ E\ ILHOG143 
H[SHULPHQW DQG SUHYLRXV UHVHDUFK (Pang and Wang 1994) DQG WKH GU\ZHW144 
DWPRVSKHULF GHSRVLWLRQ ZDV VHW E\ ILHOG H[SHULPHQW (Song et al. 2005; Yang et al. 145 
2007) :H WU\ WR UXQ WKH PRGHO IRU VHYHUDO GD\V ZLWK DQ DVVXPSWLRQ WKDW WKH ODNH146 
VXUIDFHZDVOHYHODQGWKHQWKHLQLWLDOK\GURG\QDPLFFRQGLWLRQVZDVVHWE\WKHDYHUDJH147 
YDOXHRIVLPXODWLRQRQWKHILUVWGD\ ,W LVDOVRDSSOLHG LQRXUSUHYLRXVVWXG\DQGFDQ148 
KHOSDOOHYLDWHWKHLQIOXHQFHRILQLWLDOFRQGLWLRQVRQWKHVLPXODWLRQUHVXOWV7KHLQLWLDO149 
FRQGLWLRQ RI ZDWHU TXDOLW\ ZDV VHW E\ WKH PRQLWRULQJ GDWD LQ WKH ILUVW IHZ GD\V RI150 
-DQXDU\IURPWKHPRQLWRULQJVLWHVLQ/DNH7DLKXLQFOXGLQJZDWHUWHPSHUDWXUHDQG151 
WKH FRQFHQWUDWLRQV RI '2 &2' 12--1 1+-1 71 32- 73 DQG &KO-D 7KH152 
VLPXODWHGWLPHODVWHGIRURQH\HDU)URP-DQWR'HFDQGD-VWLPHVWHSZDV153 
XVHGDVDWUDGH-RIIEHWZHHQFRPSXWDWLRQDOVSHHGDQGVWDELOLW\LVVXHV  154 
3DUDPHWHUVFRQFHUQHGZLWKWKHK\GURG\QDPLFSURFHVVHVZHUHWKHVDPHDVWKRVH155 
XVHG LQ SUHYLRXV VWXGLHV (Li and Tang et al. 2015) DQG WKH UHVXOWV RI FXUUHQW156 
FDOLEUDWLRQV KDYH EHHQ SUHVHQWHG LQ SUHYLRXV UHVHDUFK (Li et al. 2011) $QQXDO157 
PRQLWRULQJGDWDRIZDWHUTXDOLW\YDULDEOHVIURPZDVXVHGWRFDOLEUDWHWKHZDWHU158 
TXDOLW\PRGXOHDQGUHODWLYHHUURUVZHUHOHVVWKDQRQWKHZKROH7KHDPRXQWRI159 
HUURUUHPDLQHGVLJQLILFDQWDIWHUFDOLEUDWLRQDQGWKHUHIRUHSDUDPHWULFXQFHUWDLQW\ZDV160 
HVWLPDWHGDQGWKHPRVWVHQVLWLYHSDUDPHWHUVZDVLQYHVWLJDWHGLQRUGHUWRLPSURYHWKH161 
PRGHO 162 
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 163 
)LJ0HWKRGRORJ\IORZFKDUWRIXQFHUWDLQW\DQGVHQVLWLYLW\DQDO\VLV 164 
2.3 0HWKRGVRIXQFHUWDLQW\DQGVHQVLWLYLW\DQDO\VLV 165 
8QFHUWDLQW\ DQG VHQVLWLYLW\ DQDO\VLV IRU WKH ZDWHU TXDOLW\ PRGXOH LQ ()'& IRU166 
/DNH7DLKXZDVFRQGXFWHGEDVHGRQWKH*/8(DQG56$PHWKRGV7KHPDLQDQDO\VLV167 
SURFHGXUHLVVKRZQDVIROORZV 168 
2.3.1 3DUDPHWHULGHQWLILFDWLRQ 169 
7KH VLPXODWLRQ RI ZDWHU TXDOLW\ ZLWK ()'& LQYROYHV D ODUJH QXPEHU RI170 
SDUDPHWHUV,WZDVQRWIHDVLEOHRUQHFHVVDU\WRWDNHDOOSDUDPHWHUVLQWRFRQVLGHUDWLRQ171 
(Muleta et al. 2005)VRDUHGXFWLRQLQWKHQXPEHURISDUDPHWHUVEDVHGRQWKHDFWXDO172 
VLPXODWLRQVZDVSHUIRUPHG7DNLQJLQWRDFFRXQWWKDWWKHSUHGRPLQDQWW\SHRIDOJDHLQ173 
/DNH 7DLKX LV F\DQREDFWHULD HVSHFLDOO\ ZKHQ DOJDO EORRPV KDSSHQHG (Feng et al. 174 
2016; Lu et al. 2016; Yue et al. 2014)ZHH[FOXGHGDOOSDUDPHWHUV UHODWLQJ WRRWKHU175 
DOJDO VSHFLHV LH PDFURDOJDH GLDWRPV DQG JUHHQV 7KH FRPSHWLWLYH UHODWLRQVKLSV176 
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EHWZHHQDOJDOJURXSVZHUHRPLWWHGWRUHGXFHWKHQXPEHURISDUDPHWHUV6HGLPHQWLV177 
DQRWKHU IDFWRU WKDW FDQKDYH D JUHDW LPSDFWRQ WKH VLPXODWLRQ UHVXOW7KH VHGLPHQWV178 
PRGXOH DQG ZDWHU TXDOLW\ PRGXOH ZHUH VHSDUDWHG LQ ()'& PRGHO ,W LV GLIILFXOW WR179 
FDOLEUDWHWKHVLPXODWLRQUHVXOWVDQGWKHVDPSOLQJTXDQWLW\ZLOOLQFUHDVHH[SRQHQWLDOO\180 
LI ZH LQFOXGH WKH VHGLPHQWV SDUW ,Q RXU SUHYLRXV UHVHDUFK ILHOG REVHUYDWLRQV ZLWK181 
XVLQJRIDGYDQFHGGHYLFHVZHUHFRQGXFWHGRQWKHODNHWRILQGEHKDYLRXUVRIVHGLPHQWV182 
VHWWOLQJ DQG UHVXVSHQVLRQ (Gao et al. 2017) 'LIIXVLYH H[FKDQJH RI GLVVROYHG SKDVH183 
QXWULHQWV EHWZHHQ ZDWHU FROXPQ DQG LQWHUVWLWLDO ZDWHUV ZDV LQYHVWLJDWHG LQ PDQ\184 
VWXGLHV DV ZHOO (Yu et al. 2016; Huang et al. 2015; Qiu et al. 2015; Kaiming et al. 185 
2014) 7KXV ZH VHW WKH PRGHO ZLWK IL[HG EHQWKLF IOX[ UDWHV VSDWLDOO\ E\ UHFHQW186 
UHVHDUFKHV WR VLPXODWH WKH SURFHVVHV RI VHGLPHQW LQVWHDG LH SKRVSKDWH187 
DPPRQLD-QLWURJHQ QLWUDWH QLWURJHQ FKHPLFDO R[\JHQ GHPDQG VHGLPHQW R[\JHQ188 
GHPDQG 6LQFH WKHVH SURFHVVHV ZHUH KLJKO\ LQIOXHQFHG E\ WKH K\GURG\QDPLF189 
FRQGLWLRQVGULYHQE\ZLQG-ZDYHLQWKHODNHZHVHWIOX[UDWHVZLWKFRQVLGHULQJDERXW190 
WKHLQIOXHQFHRIZLQG(Yu et al. 2016; Huang et al. 2015; Qiu et al. 2015; Kaiming et 191 
al. 2014),QDGGLWLRQSDUDPHWHUVDERXWUHIHUHQFHWHPSHUDWXUHRSWLPDOGHSWKIRUDOJDO192 
JURZWK DQG RWKHU SDUDPHWHUV QRW OLNHO\ WR EH PRGLILHG LQ PRVW FDVHV ZHUH VHW WR193 
GHIDXOW YDOXHV )LQDOO\  SDUDPHWHUV ZHUH GHWHUPLQHG IRU IXUWKHU VWXG\ DQG WKHLU194 
GHVFULSWLRQV DUH VXPPDULVHG LQ 7DEOH  7KH UDQJHV RI WKHVH SDUDPHWHUV IRU195 
XQFHUWDLQW\DQGVHQVLWLYLW\DQDO\VLVZHUHGHWHUPLQHGWKURXJKDGHWDLOHGLQYHVWLJDWLRQ196 
RIWKHOLWHUDWXUH(He et al. 2011; Seo and Kim 2011; Wang and Zou et al. 2014; Wang 197 
and Jiang et al. 2014; Arhonditsis and Brett 2005) 198 
7DEOH6WDWLVWLFDOIHDWXUHVRIWKHZDWHUTXDOLW\PRGXOHSDUDPHWHUVIRUVDPSOLQJ  199 
3DUDPHWHUVJURXSV 3DUDPHWHUV 'HVFULSWLRQ 8QLWV 'LVWULEXWLRQ 0LQ 0D[ 
$OJDO.LQHWLF  30F 0D[LPXPJURZWK5DWHIRU&\DQREDFWHULD GD\ 8QLIRUP   
 
%05F %DVDO0HWDEROLVP5DWHIRU&\DQREDFWHULD GD\ 8QLIRUP   
 
355F 3UHGDWLRQ5DWHRQ&\DQREDFWHULD GD\ 8QLIRUP   
1LWULILFDWLRQ U1LW0 0D[LPXP1LWULILFDWLRQ5DWH GD\ 1RUPDO   
'LVVROYHG2[\JHQ .52 5HDHUDWLRQ5DWH&RQVWDQW - 8QLIRUP   
&KHPLFDO2[\JHQ
'HPDQG .&' &2''HFD\5DWH GD\ 8QLIRUP   
'LVVROXWLRQDQG
0LQHUDOL]DWLRQ .51 0LQLPXP+\GURO\VLV5DWHRI5321 GD\ 1RUPDO   
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./1 0LQLPXP+\GURO\VLV5DWHRI/321 GD\ 1RUPDO   
 
.'1 0LQLPXP0LQHUDOL]DWLRQ5DWHRI'21 GD\ 1RUPDO   
 .5& 0LQLPXP'LVVROXWLRQ5DWHRI532& GD\ 1RUPDO   
 ./& 0LQLPXP'LVVROXWLRQ5DWHRI/32& GD\ 1RUPDO   
 
.'& 0LQLPXP'LVVROXWLRQ5DWHRI'2& GD\ 1RUPDO   
 
.53 0LQLPXP+\GURO\VLV5DWHRI5323 GD\ 1RUPDO   
 
./3 0LQLPXP+\GURO\VLV5DWHRI/323 GD\ 1RUPDO   
 .'3 0LQLPXP0LQHUDOL]DWLRQ5DWHRI'23 GD\ 1RUPDO   
/LJKW .HE %DFNJURXQG/LJKW([WLQFWLRQ&RHIILFLHQW P 8QLIRUP   
 
.H766 /LJKW([WLQFWLRQGXHWR766 PSHUPJO 8QLIRUP   
 
.H&KO /LJKW([WLQFWLRQGXHWR&KORURSK\OOD PSHUPJO 8QLIRUP   
 
,V0,1 0LQLPXP2SWLPXP6RODU5DGLDWLRQ /DQJOH\GD\ 8QLIRUP   
+DOI-6DW&RQVWDQW .+1LW'2 2[\JHQ+DOI-6DW&RQVWDQWIRU1LWULILFDWLRQ J2P 8QLIRUP   
 
.+1LW1 1++DOI-6DW&RQVWDQWIRU1LWULILFDWLRQ J1P 8QLIRUP   
 
.+&2' 2[\JHQ+DOI-6DWXUDWLRQ&RQVWDQWIRU&2''HFD\ PJ/2 8QLIRUP   
 
.+1F 1LWURJHQ+DOI-6DWXUDWLRQIRU&\DQREDFWHULD PJ/ 1RUPDO   
 
.+3F 3KRVSKRUXV+DOI-6DWXUDWLRQIRU&\DQREDFWHULD PJ/ 1RUPDO   
 
.+'11 +DOI-6DW&RQVWDQWIRU'HQLWULILFDWLRQ J1P 8QLIRUP   
 
.+25'2 2[\JHQ+DOI-6DW&RQVWDQWIRU$OJDO5HVSLUDWLRQ J2P 8QLIRUP   
7HPSHUDWXUH .7+'5 7HPSHUDWXUH(IIHFW&RHIILFLHQWIRU'LVVROXWLRQ - 1RUPDO   
 
.701/ 7HPSHUDWXUH(IIHFW&RHIILFLHQWIRU0LQHUDOL]DWLRQ - 1RUPDO   
 
.7&2' 7HPSHUDWXUH5DWH&RQVWDQWIRU&2''HFD\ - 8QLIRUP   
 
.1LW 6XERSWLPDO7HPSHUDWXUH&RHIILFLHQWIRU1LWULILFDWLRQ - 1RUPDO   
 
.1LW 6XSHURSWLPDO7HPSHUDWXUH&RHIILFLHQWIRU1LWULILFDWLRQ - 1RUPDO   
 
.7*F 6XERSWLPDO7HPSHUDWXUH(IIHFW&RHIILFLHQWIRU*URZWK&\DQREDFWHULD - 8QLIRUP   
 
.7*F 6XSHURSWLPDO7HPSHUDWXUH(IIHFW&RHIILFLHQWIRU*URZWK&\DQREDFWHULD - 8QLIRUP   
 
70F /RZHU2SWLPDO7HPSHUDWXUHIRU*URZWK&\DQREDFWHULD GHJ& 8QLIRUP   
 
70F 8SSHU2SWLPDO7HPSHUDWXUHIRU*URZWK&\DQREDFWHULD GHJ& 8QLIRUP   
 
.75 5HDHUDWLRQ7HPSHUDWXUH5DWH&RQVWDQW - 1RUPDO   
 
.7%F 7HPSHUDWXUH(IIHFW&RHIILFLHQWIRU%DVDO0HWDEROLVP&\DQREDFWHULD - 8QLIRUP   
6HWWOLQJ9HORFLW\ :6F 6HWWOLQJYHORFLW\IRUF\DQREDFWHULD PGD\ 8QLIRUP   
 
:6US 6HWWOLQJYHORFLW\IRUUHIUDFWRU\320 PGD\ 8QLIRUP   
 
:6OS 6HWWOLQJYHORFLW\IRUODELOH320 PGD\ 8QLIRUP   
2.3.2 6DPSOLQJRILQSXWSDUDPHWHUVZLWKWKH/+6PHWKRG 200 
,QSXWSDUDPHWHUVZHUH VDPSOHGE\XVLQJ WKH/DWLQ+\SHUFXEH6DPSOLQJ /+6201 
PHWKRG D UDQGRP VDPSOLQJ PHWKRG ZKLFK LV FRPPRQO\ XVHG IRU XQFHUWDLQW\ DQG202 
VHQVLWLYLW\DQDO\VLV(Manache and Melching 2008)7KH/+6PHWKRGZRUNVE\WDNLQJ203 
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WKH UDQJH RI HDFK LQGHSHQGHQW SDUDPHWHU GLYLGLQJ WKH UDQJH E\ WKH VHOHFWHG204 
UHDOL]DWLRQVUHDUUDQJLQJWKHYDOXHVLQWRDUDQGRPGLVWULEXWLRQDQGWKHQFRPELQLQJWKH205 
GLVWULEXWLRQVIRUHDFKLQGHSHQGHQWSDUDPHWHU(Xu and Gertner 2008)$VWKHYDULDEOH206 
VSDFH ZDV VDPSOHG ZLWK UHODWLYHO\ IHZ VDPSOHV LQ /+6 WKH QXPEHU RI PRGHO UXQV207 
FRXOGEHOHVVFRPSDUHGZLWK0RQWH&DUORVDPSOLQJ,QWKHVWXG\208 
DQGUHDOL]DWLRQVZHUHJHQHUDWHGE\XVLQJ/+6DQGZHUHWHVWHGLQRUGHUWRREWDLQ209 
WKHLURSWLPDOUHDOL]DWLRQVIRUDQDO\]LQJPRGHOXQFHUWDLQW\DQGVHQVLWLYLW\  210 
8VLQJ WKH UREXVWQHVV WHVW ZH IRXQG WKDW WKH UHVXOWV RI WKH VHQVLWLYLW\ DQDO\VLV211 
ZHUHQHDUO\VWDEOHZKHQWKHVDPSOLQJTXDQWLW\ZDVJUHDWHUWKDQ7KHUHIRUHWDNLQJ212 
LQWRFRQVLGHUDWLRQWKHFRPSXWDWLRQDOFRVWDQGWKHVWDELOLW\RIWKHUHVXOWZHFKRVH213 
/DWLQK\SHUFXEHVDPSOHVIRUXQFHUWDLQW\DQGVHQVLWLYLW\DQDO\VLV  214 
2.3.3 8QFHUWDLQW\DQDO\VLVZLWKWKH*/8(PHWKRG 215 
7KH*/8(PHWKRGRORJ\ (Beven and Binley 1992)ZDVXWLOL]HG WRTXDQWLI\ WKH216 
XQFHUWDLQW\RIWKHPRGHO7KHPHWKRGZKLFKDYRLGHGWKHRSWLPDOSDUWLDOVROXWLRQZDV217 
VXLWDEOHIRUWKHZDWHUTXDOLW\PRGHOZLWKHTXLILQDOLW\RIGLIIHUHQWSDUDPHWHUVHWVDQG218 
,WLVFRPPRQO\XVHGLQULYHUODNHDQGUDLQIDOO-UXQRIIPRGHOV(Blasone et al. 2008)  219 
VHWVRISDUDPHWHUVREWDLQHG IURPUDQGRPVDPSOLQJXVLQJ WKH /+6PHWKRG220 
ZHUH XVHG LQ WKLV PRGHO DQG  VHWV RI VLPXODWLRQ UHVXOWV ZHUH REWDLQHG 7KH221 
IROORZLQJ IRUPXOD ZDV XVHG WR FDOFXODWH WKH OLNHOLKRRG PHDVXUH RI WKH VLPXODWHG222 
UHVXOWV 223 ܮሺߠ௜Ȁܻሻ ൌ  ? െ ߙ௜ଶȀߙ଴ଶ                           224 
:KHUH ܮሺߠ௜Ȁܻሻ LV WKHOLNHOLKRRGPHDVXUHIRUWKH LWKPRGHOFRQGLWLRQHGRQWKH225 
REVHUYDWLRQV ߙ௜ଶ LV WKHHUURUYDULDQFHIRU WKH LWKPRGHO LH WKHFRPELQDWLRQRI WKH226 
PRGHODQGWKHLWKSDUDPHWHUVHWDQG ߙ଴ଶ LVWKHYDULDQFHRIWKHREVHUYDWLRQV  227 
7R HQVXUH WKDW WKH JURXS RI SDUDPHWHUV FDQ UHSUHVHQW WKH IXQFWLRQDO228 
FKDUDFWHULVWLFV RI WKH PRGHO D WKUHVKROG ZDV VHW WR H[FOXGH WKHVH JURXSV IURP WKH229 
UHVXOWVDQGQRUPDOL]HGOLNHOLKRRGPHDVXUHE\XVLQJWKHOLQHDUIXQFWLRQ 230 
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݈ሺߠ௜Ȁܻሻ ൌ ௅ሺఏ೔Ȁ௒ሻି௅೘೔೙ሺఏ೔Ȁ௒ሻ௅೘ೌೣሺఏ೔Ȁ௒ሻି௅೘೔೙ሺఏ೔Ȁ௒ሻ                       231 
:KHUH ሺߠ௜Ȁܻሻ LV WKH OLNHOLKRRG PHDVXUH FDOFXODWHG E\ XVLQJ IRUPXOD 232 ሺߠ௜Ȁܻሻ LV WKH OLNHOLKRRG PHDVXUH WKDW KDV EHHQ QRUPDOL]HG ௠௜௡ሺߠ௜Ȁܻሻ  DQG233 ௠௔௫ሺߠ௜Ȁܻሻ DUHWKHPLQLPXPDQGPD[LPXPOLNHOLKRRGPHDVXUHVUHVSHFWLYHO\  234 
7KHQRUPDOL]HGOLNHOLKRRGPHDVXUHZDVVRUWHGE\YDOXHDQGWKHWKDQGWK235 
SHUFHQWLOHV ZHUH FKRVHQ DV WKH XSSHU DQG ORZHU ERXQGV RI FRQILGHQFH LQWHUYDOV236 
3URSRUWLRQRIREVHUYDWLRQVLQXQFHUWDLQW\LQWHUYDODQGUDWLRRIXQFHUWDLQW\LQWHUYDOWR237 
PHDQFRQFHQWUDWLRQZHUHFDOFXODWHGWRHYDOXDWHWKHXQFHUWDLQW\RIWKHPRGHO 238 
2.3.4 3DUDPHWULFVHQVLWLYLW\DQDO\VLVZLWKWKH56$PHWKRG 239 
7KH56$PHWKRGRORJ\ LVXWLOL]HG WR DQDO\]H WKH VHQVLWLYLW\RISDUDPHWHUV7KH240 
PHWKRG RYHUFRPHV WKH FRQVWUDLQWV RI VLQJOH IDFWRU DQDO\VLV LQ WUDGLWLRQDO VHQVLWLYLW\241 
DQDO\VLVDQGFRPSOH[DVVXPSWLRQVZHUHQRWQHFHVVDU\  242 
0DUJLQDO FXPXODWLYH GLVWULEXWLRQV ZHUH FDOFXODWHG E\ OLNHOLKRRG PHDVXUH DQG243 
VHQVLWLYLW\ FDQ EH DVVHVVHG TXDOLWDWLYHO\ E\ H[DPLQLQJ GLIIHUHQFHV EHWZHHQ 244 
GLVWULEXWLRQV RI WKH SDUDPHWHU 7KH GHJUHH RI GLVSHUVLRQ RI WKH OLQHV LV WKH YLVXDO245 
PHDVXUH RI D PRGHO¶V VHQVLWLYLW\ WR DQ LQSXW SDUDPHWHU 7R DFTXLUH WKH VHQVLWLYLW\246 
DFFXUDWHO\ WKH VHQVLWLYLW\ LQGLFHV 6,RISDUDPHWHUV LQ WKH WKUHH VXEDUHDVZHUH WKHQ247 
FDOFXODWHG E\ DGRSWLQJ WKH .ROPRJRURY-6PLUQRY .-6 WHVW (Kottegoda and Rosso 248 
1997)7KH.-6WHVWLVDQRQ-SDUDPHWULFWHVWZKLFKFDQEHXVHGWRFRPSDUHGLIIHUHQW249 
VDPSOHV7KHPHWKRGLVRQHRIWKHPRVWXVHIXODQGJHQHUDOQRQSDUDPHWULFPHWKRGVIRU250 
FRPSDULQJWKHGLIIHUHQFHRIVDPSOHVDQGLWLVVHQVLWLYHWRGLIIHUHQFHVLQERWKORFDWLRQ251 
DQGVKDSHRIWKHHPSLULFDOFXPXODWLYHGLVWULEXWLRQIXQFWLRQVRIVDPSOHV  252 
)LUVWVHWVRIVLPXODWLRQUHVXOWVZHUHGLYLGHLQWRWHQJURXSVE\WKHOLNHOLKRRG253 
PHDVXUH DQG WKH HPSLULFDO GLVWULEXWLRQ IXQFWLRQ)Q IRUQ LLGREVHUYDWLRQV;L LQ HDFK254 
JURXSLVGHILQHGDV 255 ܨ௡ሺݔሻ ൌ ଵ௡  ? ܫሾିĞǡ௫ሿሺ ௜ܺሻ௡௜ୀଵ                        256 
ZKHUH ܫሾିஶǡ௫ሿሺܺ௜ሻ LVWKHLQGLFDWRUIXQFWLRQHTXDOWRLI ܺ௜ ൑ ݔ DQGHTXDOWR257 
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RWKHUZLVH7KH.ROPRJRURY±6PLUQRYVWDWLVWLFXVHGWRTXDQWLI\DGLVWDQFHEHWZHHQWKH258 
HPSLULFDOGLVWULEXWLRQIXQFWLRQVRIGLIIHUHQWJURXSVLV 259 ܦ௜ǡ௝ ൌ ݏݑ݌หܨ௜ǡ௡ሺݔሻ െ ܨ௝ǡ௠ሺݔሻห                     260 
ZKHUH ܨ௜ǡ௡ሺݔሻ  DQG ܨ௝ǡ௠ሺݔሻ  DUH WKH HPSLULFDO GLVWULEXWLRQ IXQFWLRQV RI WZR261 
VDPSOHVUHVSHFWLYHO\݅ǡ ݆ ZHUHWKHQXPEHURIJURXSVDQGVXSLVWKHVXSUHPXPRIWKH262 
VHW RI GLVWDQFHV 7KH PD[LPXP YHUWLFDO GLVWDQFHV 09' ZHUH WKHQ FDOFXODWHG DV263 
6HQVLWLYLW\,QGLFHV6,WRTXDQWLI\WKHVHQVLWLYLW\  264 ܯܸܦ ൌ ܵܫ ൌ ݉ܽݔ൫ܦ௜ǡ௝൯                        265 
7KH SDUDPHWHUV ZHUH GLYLGHG LQWR WKUHH OHYHOV E\ WKH VHQVLWLYLW\ LQGLFHV YHU\266 
VHQVLWLYHSDUDPHWHUV6,ı3VHQVLWLYHSDUDPHWHUV6,3İ267 
DQGLQVHQVLWLYHSDUDPHWHUV6,İ3!7KHLQWHUYDOUDQJHRIWKHVHSDUDPHWHUV268 
ZDV GLYLGHG LQWR  JURXSV )LQDOO\ WKH SRVWHULRU GLVWULEXWLRQV RI WKHVH SDUDPHWHUV269 
ZHUHFDOFXODWHGWRGLVFRYHUVXLWDEOHUDQJHVLQVLPXODWLRQ 270 
,Q WKLV UHVHDUFK D PDWODE WRROER[ IRU JOREDO VHQVLWLYLW\ DQDO\VLV (Pianosi et al. 271 
2015)ZDVXWLOL]HGWRDQDO\]HWKHRXWSXWGDWD 272 
3 Results 273 
3.1 0RGHOXQFHUWDLQW\DQDO\VLV 274 
7KHUHOLDELOLW\DQGXQFHUWDLQW\RIWKHPRGHOZDVVWXGLHGE\VHWWLQJWKHWKUHVKROG275 
RIWKH1DVK-6XWFOLIIHHIILFLHQF\FRHIILFLHQW16(WR7KH5th percentile and the 276 
97.5th percentile of the NSE were chosen to determine the ORZHUDQGXSSHUERXQGVRI277 
OLNHOLKRRG PHDVXUH 7KH VLPXODWHG UHVXOWV ZLWK  SHUFHQW FRQILGHQFH LQ WKH WKUHH278 
VXEDUHDVRI/DNH7DLKXDUHVKRZQLQ)LJDQG)LJ  279 
7UHQGV LQ VLPXODWHG UHVXOWVZHUHEDVLFDOO\ FRQVLVWHQWZLWK ILHOGREVHUYDWLRQV LQ280 
WKH WKUHH VXEDUHDV )LJ  DQG )LJ  DQG WKH SURSRUWLRQ RI REVHUYDWLRQV LQ281 
XQFHUWDLQW\ LQWHUYDO &5 ZDV PRVWO\ KLJKHU WKDQ  7DEOH  PHDQW WKDW PRVW282 
REVHUYDWLRQV ZHUH ZLWKLQ WKH FRQILGHQFH LQWHUYDO 7KH PRGHO ZDV WKHUHIRUH GHHPHG283 
IHDVLEOHWREHXWLOL]HGLQWKHVLPXODWLRQRIZDWHUTXDOLW\LQ/DNH7DLKX7KH&5ZDV284 
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DOVRGLVWLQJXLVKHGEHWZHHQWKHWKUHHVXEDUHDV7KHDYHUDJH&5LQ&HQWUDO=RQHZDV285 
WKHKLJKHVWDQGKLJKHUWKDQWKDWRI6RXWKZHVW=RQH7KHDYHUDJH&5286 
LQ0HLOLDQJ%D\ZLWKDKLJKHULQGLFDWRUFRQFHQWUDWLRQZDVWKHORZHVWZKLFK287 
LQGLFDWHGWKDWLWLVGLIILFXOWWRJHWDFFXUDWHVLPXODWLRQVLQ0HLOLDQJ%D\  288 
7DEOH6WDWLVWLFVRIVLPXODWHGYDOXHVDQGPRQLWRULQJYDOXHVIRUXQFHUWDLQW\DQDO\VLV 289 
Indicators 
Meiliang Bay Central Zone Southwest Zone 
CR UI MC RI CR UI MC RI CR UI MC RI 
Ammonia nitrogen (mg/L) 66.7% 0.222  1.113  19.9% 75.0% 0.108  0.217  49.8% 75.0% 0.104  0.281  37.0% 
Nitrate nitrogen (mg/L) 58.3% 0.407  1.554  26.2% 75.0% 0.411  1.138  36.1% 83.3% 0.435  1.492  29.2% 
Total nitrogen (mg/L) 66.7% 0.497  3.593  13.8% 100.0% 0.610  2.153  28.3% 75.0% 0.620  2.420  25.6% 
Phosphate (mg/L) 66.7% 0.014  0.050  27.0% 91.7% 0.010  0.019  52.6% 83.3% 0.011  0.019  57.9% 
Total phosphorus (mg/L) 66.7% 0.027  0.108  24.5% 75.0% 0.025  0.084  29.2% 66.7% 0.025  0.085  28.8% 
Chlorophyll-a (煒g/L) 75.0% 15.59  41.75  37.3% 91.7% 12.28  23.76  46.1% 75.0% 13.00  28.80  45.1% 
&53URSRUWLRQRIREVHUYDWLRQVLQXQFHUWDLQW\LQWHUYDO8,XQFHUWDLQW\LQWHUYDOEHWZHHQPHGLDQDQGORZHUERXQGV290 
0&0HDQFRQFHQWUDWLRQRIREVHUYDWLRQV5,UDWLRRIXQFHUWDLQW\LQWHUYDOWRPHDQFRQFHQWUDWLRQ 291 
7KH XQFHUWDLQW\ LQWHUYDOV EHWZHHQ WKH PHGLDQ DQG ORZHU ERXQGV 8, ZHUH292 
VLJQLILFDQW ZLWK VRPH RI WKHP HYHQ DFFRXQWHG IRU PRUH WKDQ KDOI RI WKH PHDQ293 
FRQFHQWUDWLRQV IURP ILHOG REVHUYDWLRQV 0& 7KHUHIRUH XQFHUWDLQW\ UHVXOWLQJ IURP294 
WKHVHSDUDPHWHUVFRXOGQRWEHLJQRUHG7KHUDWLRRIXQFHUWDLQW\WRPHDQFRQFHQWUDWLRQ295 
5,LQFUHDVHGEDVLFDOO\ZLWKGHFUHDVHGFRQFHQWUDWLRQRIREVHUYDWLRQVDOWKRXJKWKH8,296 
GHFUHDVHG DW WKH VDPH WLPH )RU H[DPSOH WKH 5, RI &KORURSK\OO-D VLPXODWLRQ LQ297 
6RXWKZHVW =RQH ZDV  KLJKHU WKDQ WKDW RI 0HLOLDQJ %D\  7DEOH 298 
DOWKRXJK8,GHFUHDVHGIURPWR­J/7KH8,RIGLIIHUHQWLQGLFDWRUVZHUH299 
DOVR YDULDEOH LQ VLPXODWLRQ RI QLWURJHQ 7KH 8, RI QLWUDWH QLWURJHQ ZDV JUHDWHU WKDQ300 
WKDW RI DPPRQLD QLWURJHQ HVSHFLDOO\ LQ WKH 6RXWKZHVW =RQH ZKLFK VKRZHG WKDW WKH301 
DFFXUDF\RIQLWUDWHQLWURJHQVLPXODWLRQZDVKLJKO\LPSRUWDQWLQWKHVLPXODWLRQRIWRWDO302 
QLWURJHQ  303 
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)LJ8QFHUWDLQW\ LQWHUYDOUHODWHGWRQLWURJHQLQWKUHHVXEDUHDV DEDQGFDUH WKHVLPXODWLRQVIRUDPPRQLDQLWURJHQGHDQGIDUH WKHVLPXODWLRQVIRU304 
QLWUDWHQLWURJHQJKDQGLDUHWKHVLPXODWLRQVRIWRWDOQLWURJHQ  305 
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,QVLPXODWLRQRIQLWURJHQDQGFKORURSK\OO-DWKHFXPXODWLYHGLIIHUHQFHVEHWZHHQ308 
WKHORZHUDQGXSSHUERXQGV&'LQFUHDVHGVORZO\DWWKHEHJLQQLQJEXWPRUHUDSLGO\309 
DIWHU KDOI RI WKH VLPXODWLRQ WLPH 7KLV LQGLFDWHG WKDW WKH XQFHUWDLQW\ RI VRPH310 
SDUDPHWHUV ZDV VWURQJO\ UHODWHG WR PRGHO VLPXODWLRQ WLPH )RU H[DPSOH WKH &' RI311 
DPPRQLDQLWURJHQLQWKH&HQWUDO=RQH)LJELQFUHDVHGVORZO\EHIRUHGD\V312 
EXWPRUHUDSLGO\DIWHUWKDWWLPH,QVLPXODWLRQRISKRVSKRUXVWKH&'ZHUHIRXQGHGWR313 
EH KLJKO\ UHODWHG WR FKORURSK\OO-D (VSHFLDOO\ IRU SKRVSKDWH IRU H[DPSOH WKH314 
XQFHUWDLQWLHV LQ&HQWUDO=RQHZHUHORZHVWZKHQVLPXODWLRQWLPHZDVDERXWDQG315 
GD\VZLWKKLJKHVWFRQFHQWUDWLRQVRIFKORURSK\OO-D)LJEK   316 
6RPH REVHUYDWLRQV ZHUH IRXQG QRW WR EH ZLWKLQ WKH FRQILGHQFH LQWHUYDOV )RU317 
H[DPSOH WKH VLPXODWLRQ RI QLWUDWH QLWURJHQ LQ 0HLOLDQJ %D\ )LJ G GLG QRW318 
FRQIRUPWRILHOGREVHUYDWLRQVDQGWKHPHGLDQRIWKHVLPXODWHGUHVXOWVXQGHUHVWLPDWHG319 
WKH FRQFHQWUDWLRQ ,Q WKLV FDVH RQO\  RI WKH PRQLWRULQJ GDWD ZDV ZLWKLQ WKH320 
FRQILGHQFH LQWHUYDO 7KH PRGHO DSSHDUV WR EH PLVVLQJ VHYHUDO LPSRUWDQW QXWULHQWV321 
SHDNV DV LW FDQ EH HDVLO\ LQ )LJV  	  7KLV UHVXOW PRVW OLNHO\ VWHPV IURP VRPH322 
RWKHU XQFHUWDLQW\ IDFWRUV VXFK DV LQIORZ ULYHUV PRQLWRULQJ GDWD DQG VR RQ ZKLFK323 
FRXOGDOVREHVLJQLILFDQWIDFWRUVDQGQRWEHLJQRUHGZKHQWKHZDWHUTXDOLW\PRGHOLV324 
PRGLILHG 325 
3.2 6HQVLWLYHSDUDPHWHUVLQWKHVLPXODWLRQ 326 
7KH PD[LPXP YHUWLFDO GLVWDQFH 09' FDOFXODWHG E\ XVLQJ WKH327 
.ROPRJRURY-6PLUQRY WHVW (T ZDV XVHG WR UHSUHVHQW VHQVLWLYLW\ LQGLFHV 6, RI328 
SDUDPHWHUV6HQVLWLYHSDUDPHWHUVZLWKDQ6,JUHDWHUWKDQDUHVKRZQLQ)LJ 329 
7KHPD[LPXPJURZWKUDWH30FEDVDOPHWDEROLVPUDWH%05FSUHGDWLRQUDWH330 
355F OLJKWH[WLQFWLRQGXHWR&KORURSK\OO$.H&KODQGVXERSWLPDO WHPSHUDWXUH331 
HIIHFW FRHIILFLHQW IRU JURZWK .7*F ZHUH DOO IRXQG WR EH VHQVLWLYH SDUDPHWHUV LQ332 
VLPXODWLRQV RI DOO LQGLFDWRUV $OO RI WKHVH VHQVLWLYH SDUDPHWHUV DUH FRQQHFWHG ZLWK333 
DOJDOJURZWKNLQHWLFVZKLFKLQGLFDWHGWKDWZDWHUTXDOLW\VLPXODWLRQVZHUHLQIOXHQFHG334 
E\DOJDH  335 
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6HQVLWLYH SDUDPHWHUV GLVWLQJXLVKHG EHWZHHQ GLIIHUHQW LQGLFDWRUV ,Q WKH336 
VLPXODWLRQRIDPPRQLDQLWURJHQDQGQLWUDWHQLWURJHQ30F.H&KODQG.7*FZHUH337 
YHU\VHQVLWLYHSDUDPHWHUV355FZDVIRXQGWREHWKHPRVWVHQVLWLYHSDUDPHWHULQWKH338 
VLPXODWLRQRIWRWDOQLWURJHQEXWLWZDVQRWDVHQVLWLYHSDUDPHWHULQWKHVLPXODWLRQRI339 
DPPRQLDQLWURJHQDQGQLWUDWHQLWURJHQ7KLVPD\LQGLFDWHWKDW355FLVDVLJQLILFDQW340 
SDUDPHWHU LQ WKHVLPXODWLRQRIRUJDQLFQLWURJHQ.'&DSDUDPHWHU UHSUHVHQWLQJ WKH341 
PLQLPXPGLVVROXWLRQUDWHRI'2&ZDVDOVRDVHQVLWLYHSDUDPHWHULQWKHVLPXODWLRQRI342 
QLWUDWH QLWURJHQ DQG WRWDO QLWURJHQ ZKLFK LQIOXHQFHG VLPXODWLRQV WKURXJK343 
GHQLWULILFDWLRQ7KHVHWWOLQJYHORFLW\RIF\DQREDFWHULD :6FZDV WKHPRVW VHQVLWLYH344 
SDUDPHWHU LQ WKH VLPXODWLRQ RI SKRVSKDWH VLQFH VHWWOLQJ RI DOJDH ZLWK DEVRUEHG345 
SKRVSKDWHLVRQHZD\IRUVROXEOHSKRVSKDWHWREHUHPRYHGIURPWKHDTXDWLFV\VWHP346 
)LJG:6FZDVDOVRDVHQVLWLYHSDUDPHWHULQWKHVLPXODWLRQRISKRVSKRUXVDQG347 
DOJDHDOWKRXJK WKHVHQVLWLYLW\ZDV ORZHU WKDQ WKDWRIRWKHUSDUDPHWHUVVXFKDV WKUHH348 
LPSRUWDQW SDUDPHWHUV UHODWHG WR DOJDO NLQHWLFV LH 30F 355F DQG %05F 7ZR349 
SDUDPHWHUV UHODWHG WR OLJKW DQG WHPSHUDWXUH LH .H&KO DQG .7*F UHVSHFWLYHO\350 
ZHUH WKH PRVW LPSRUWDQW SDUDPHWHUV LQ VLPXODWLRQ RI DOJDH 70F RSWLPDO351 
WHPSHUDWXUHIRUDOJDOJURZWKZDVDOVRDVLJQLILFDQWSDUDPHWHUIRUVLPXODWLQJDOJDH 352 
6HQVLWLYH SDUDPHWHUV DOVR YDULHG VSDWLDOO\ DQG ZHUH LQIOXHQFHG SULPDULO\ E\353 
FRQFHQWUDWLRQ 7KH EDU FKDUWV )LJ  VKRZLQJ VL[ LQGLFDWRUV LQGLFDWHG WKDW VRPH354 
SDUDPHWHUV DUH FOHDUO\ GLVWLQJXLVKHG EHWZHHQ WKH WKUHH VXEDUHDV VXFK DV .7*F355 
.H&KODQG30F,QWKHVLPXODWLRQRIQLWUDWHQLWURJHQDQGDOJDHWKH6,RI.7*FLQ356 
0HLOLDQJ %D\ ZDV KLJKHU WKDQ WKDW RI WKH &HQWUDO =RQH DQG 6RXWKZHVW =RQH )RU357 
DPPRQLDQLWURJHQDQGWRWDOQLWURJHQ WKH6,RI.7*FLQ0HLOLDQJ%D\ZDVDOPRVW358 
WZR WLPHV KLJKHU WKDQ WKDW RI WKH RWKHU WZR VXEDUHDV ,Q VLPXODWLRQ RI DOPRVW DOO359 
LQGLFDWRUV H[FHSW IRU SKRVSKDWH WKH 6, RI .H&KO LQ 0HLOLDQJ %D\ ZHUH ORZHU WKDQ360 
WKDW RI WKH RWKHU WZR VXEDUHDV ZKLFK GHPRQVWUDWHG .H&KO ZDV D PRUH VHQVLWLYH361 
SDUDPHWHULQ WKH&HQWUDO=RQHDQG6RXWKZHVW=RQH ,QWKHVLPXODWLRQRISKRVSKDWH362 
WKH 6, RI .H&KO DQG 30F LQ 0HLOLDQJ %D\ ZDV REYLRXVO\ KLJKHU WKDQ WKDW RI WKH363 
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&HQWUDO =RQH DQG 6RXWKZHVW =RQH ZKLFK EHFDPH ORZHVW LQ WKH VLPXODWLRQ RI WRWDO364 
SKRVSKRUXVDQGDOJDH,WLQGLFDWHGWKDWWKHVHQVLWLYLWLHVRIWKHVHWZRSDUDPHWHUVZHUH365 
LQIOXHQFHG E\ ERWK LQGLFDWRUV DQG ORFDWLRQV 7KH 6, RI RWKHU LQGLFDWRUV LQ WKH WKUHH366 
VXEDUHDV ZDV DOPRVW LGHQWLFDO ZKLFK PHDQV WKH SDUDPHWULF VHQVLWLYLW\ RI WKHVH367 
LQGLFDWRUV ZDV OHVV DIIHFWHG E\ ORFDWLRQ $OWKRXJK VHQVLWLYH SDUDPHWHUV ZHUH368 
GLVWLQJXLVKHGLQWKHWKUHHVXEDUHDVWKHVLWXDWLRQVLQWKH&HQWUDO=RQHDQG6RXWKZHVW369 
=RQHZHUHVLPLODUSUREDEO\GXHWRWKHFORVHFRQFHQWUDWLRQVLQWKHVHWZRVXEDUHDV:H370 
VXJJHVWWKDWVHQVLWLYLWLHVRIWKHVHSDUDPHWHUVDUHKLJKO\LQIOXHQFHGE\FRQFHQWUDWLRQV371 
RILQGLFDWRUV)LJ  372 
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 373 
 374 
)LJ6HQVLWLYHLQGLFHVLQWKHVLPXODWLRQRIZDWHUTXDOLW\ 375 
 376 
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7KHFXPXODWLYHGLVWULEXWLRQIXQFWLRQV&')VRIOLNHOLKRRGPHDVXUHVZLWKLQHDFK377 
JURXS ZHUH FDOFXODWHG WR EH WKH SRVWHULRU GLVWULEXWLRQV RI SDUDPHWHUV )LJ  7KH378 
VHQVLWLYLW\DQGWKHSURSHUUDQJHRISDUDPHWHUVFDQEHIRXQGGLUHFWO\E\WKHGHYLDWLRQ379 
RIWKHSRVWHULRUGLVWULEXWLRQ  380 
)RU H[DPSOH WKH SUREDELOLW\ RI FXPXODWLYH GLVWULEXWLRQ IXQFWLRQV LQFUHDVHG381 
REYLRXVO\ZKHQ %05F!ZKLFKPHDQ WKDW WKH VLPXODWLRQZLWK%05F!DUH382 
PRUHOLNHO\WRKDYHKLJKOLNHOLKRRGPHDVXUHV7KHUHIRUHWKHSUREDEO\VXLWDEOHUDQJH383 
RI%05FZDVIURPWRGD\2WKHUVSHFXODWLYHUDQJHVRIVHQVLWLYHSDUDPHWHUV384 
DUH DOVR VKRZQ LQ 7DEOH  7KH &')V ZHUH XVHIXO QRW RQO\ IRU VHWWLQJ SDUDPHWHU385 
UDQJHV EXW DOVR IRU VSHFLI\LQJ PRUH LQIRUPDWLYH GLVWULEXWLRQV WKDQ WKH XQLIRUP RU386 
QRUPDOGLVWULEXWLRQVXVHG LQ WKLV DQDO\VLV30F ILWV DQRUPDORUJDPPD GLVWULEXWLRQ387 
ZHOOZKLFK355FVKRXOGSUREDEO\XVHDWULDQJOHGLVWULEXWLRQZLWKVXLWDEOHYDOXHVDW388 
 389 
   
   
)LJ3RVWHULRUGLVWULEXWLRQVRIVHQVLWLYHSDUDPHWHUV;D[LVLVWKHUDQJHRISDUDPHWHUVDQG<D[LV390 
LVWKHSUREDELOLW\RIFXPXODWLYHGLVWULEXWLRQIXQFWLRQV 391 
7DEOH3RVVLEOHUDQJHRIVHQVLWLYHSDUDPHWHUV 392 
Parameters 
PMc 
(1/day) 
BMRc 
(1/day) 
PRRc 
(1/day) 
KTG1c 
(--l) 
KeChl (1/m per 
mg/l) 
WSc 
(m/day) 
Min 2 0.04 0.04 0.0046 0.034 0.05 
Max 3.8 0.06 0.06 0.01 0.058 0.2 
D E F 
G H I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4 Discussion 393 
4.1 ,QIOXHQFHRIDOJDH!RQSDUDPHWHUVHQVLWLYLW\ 394 
%LRORJLFDODFWLYLW\ZDV IRXQG WREHDQ LPSRUWDQWPHFKDQLVPLQ LQIOXHQFLQJ WKH395 
VLPXODWLRQRIZDWHUTXDOLW\SDUWLFXODUO\LQODNHVZLWKKLJKHUFRQFHQWUDWLRQVRIDOJDH396 
$VVKRZQLQ)LJPRVWRIWKHVHQVLWLYHSDUDPHWHUVZHUHIRXQGWREHUHODWHGWRDOJDO397 
JURZWK NLQHWLFV VXFK DV 30F %05F DQG 355F ,Q WKH WKUHH-GLPHQVLRQDO398 
QXWULHQWV-DOJDO G\QDPLF PRGHO EXLOW XVLQJ ()'& LQ /DNH 'LDQFKL ZKLFK LV D ODUJH399 
VKDOORZ ODNH VLPLODU WR /DNH 7DLKX DQG DOVR VXIIHUV IURP DOJDH EORRPV WKH JOREDO400 
VHQVLWLYLW\DQDO\VLVDOVRVKRZHGWKHPD[LPXPJURZWKUDWHDQGEDVDOPHWDEROLVPUDWH401 
ZHUH VHQVLWLYH SDUDPHWHUV LQ WKH VLPXODWLRQ RI 71 DQG 73 (Yi et al. 2016) ,Q WKH402 
9HQHWLDQ/DJRRQDODUJHVKDOORZODNHZLWKDYHUDJHGHSWKRIPPD[LPXPJURZWK403 
UDWH RI SK\WRSODQNWRQ DQG ]RRSODQNWRQ DOVR KDG VLJQLILFDQW LPSDFWV RQ VLPXODWLRQ404 
UHVXOWV (Pastres and Ciavatta 2005; Pastres et al. 1997):H VXJJHVW WKDW SDUDPHWHUV405 
UHODWHGWRDOJDOJURZWKNLQHWLFVDUHVLJQLILFDQWSDUDPHWHUVIRUODUJHVKDOORZODNHVZLWK406 
KLJKFRQFHQWUDWLRQVRIDOJDH   407 
 408 
)LJ  5HODWLRQ VFKHPD RI VHQVLWLYH SDUDPHWHUV LQ WKH VLPXODWLRQ RI ZDWHU TXDOLW\ 6HQVLWLYH409 
SDUDPHWHUVLQWKHVWXG\ZHUHPDUNHGLQEOXH 410 
,QWKLVVWXG\WKHPLQLPXPYDOXHIRU30FZDVVHWWRGD\ZKLFKPD\EHDOLWWOH411 
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KLJKHUWKDQWKHYDOXHLQHYHUUHVHDUFK(Hoogenhout and Amesz 1965; Edwards et al. 412 
2015; Kruk et al. 2010))URPPHDVXUHGYDOXHVUHSRUWHGLQOLWHUDWXUHVDPHDQYDOXH413 
IRU0LFURF\VWLVZKLFKLVFRPPRQLQ7DLKXZDVGD\WHPSHUDWXUH-DGMXVWHGRU414 
GD\ ZLWKRXW WHPSHUDWXUH FRUUHFWLRQ (Robson et al. 2018; Edwards et al. 2015)415 
+RZHYHUZHFKHFNHG WKH UHDO WLPHJURZWK UDWH LQRXUPRGHOZKHQ 30FZDVVHW WR416 
GD\DQG IRXQG WKHYDOXHVYDULHG IURPGD\ WRGD\ZKLFKZDV FORVH WR WKH417 
UDQJHUHSRUWHGLQOLWHUDWXUHV:HKDYHFRQGXFWHGVHYHUDOSUH-UHVHDUFKHVZLWKDZLGHU418 
UDQJHRI30FDQGWKHUHVXOWVVKRZHGWKDWWKHFRQFHQWUDWLRQRIDOJDHZLOOEHTXLWHORZ419 
LIZHVHWWKH30FORZHUWKDQ:HDWWULEXWHGWKHGLIIHUHQFHWRWKHRYHUHVWLPDWLRQRI420 
VHWWOLQJRIDOJDHZKLFKOHDGWRDORZHUUDWHRIDOJDOLQFUHDVH&\DQREDFWHULDOVHWWOLQJ421 
:6FZDVIRXQGLQWKLVVWXG\WREHDVHQVLWLYHSDUDPHWHUHVSHFLDOO\LQWKHVLPXODWLRQ422 
RISKRVSKRUXVLQSDUWEHFDXVHLWLVRQHRIZD\VIRUVROXEOHSKRVSKDWHWREHUHPRYHG423 
IURPWKHDTXDWLFV\VWHP$QRWKHU3UHPRYDOSURFHVVHVLVDGVRUSWLRQWRVXVSHQGHGRU424 
EHQWKLF VHGLPHQW VXUIDFHV DQG LW PD\ EH FRPSHQVDWHG IRU LQ SDUW E\ KLJK425 
F\DQREDFWHULDO VHWWOLQJ 7KHUHIRUH D KLJKHU 30F XVHG ZRXOG WKHQ EH QHHGHG WR426 
FRPSHQVDWH IRU WKH HIIHFW RI KLJK F\DQREDFWHULDO VHWWOLQJ RQ FKORURSK\OO-D427 
FRQFHQWUDWLRQ DQG WKH SRVVLEOH UDQJH RI 30F ZRXOG EH ORZHU WKDQ WKH VSHFXODWLYH428 
UDQJHZHSURYLGHG 429 
/LJKWDQGWHPSHUDWXUHLPSDFWVRQDOJDOJURZWKDOVRKDYHVLJQLILFDQWLQIOXHQFHRQ430 
PRGHOV(Benke et al. 2008; Confalonieri 2010),Q0HLOLDQJ%D\SDUDPHWHUVUHODWHGWR431 
HQHUJ\VXFKDVOLJKWDQGWHPSHUDWXUHZHUHIRXQGWREHPRUHVHQVLWLYHWKDQSDUDPHWHUV432 
FRQFHUQHGZLWKQXWULHQWV(Li and Chen et al. 2015),QPDULQHELRORJLFDOPRGHOVWKH433 
UHVXOW RI VHQVLWLYLW\ DQDO\VLV DOVR VXJJHVWHG WKDW OLJKW OLPLWDWLRQ ZDV D VHQVLWLYH434 
SDUDPHWHURQSK\WRSODQNWRQJURZWK(Chu et al. 2007),QRXUUHVHDUFKOLJKWH[WLQFWLRQ435 
GXH WR &KORURSK\OO-$ .H&KO ZDV D YHU\ VHQVLWLYH SDUDPHWHU LQ VLPXODWLRQV RI DOO436 
ZDWHUTXDOLW\LQGLFDWRUVDQGVLPLODUSKHQRPHQRQZDVDOVRIRXQGLQ/DNH'LDQFKL(Yi 437 
et al. 2016) ,Q WKHVH HXWURSKLF ODNHV DOJDH FRQFHQWUDWLRQ LV YHU\ KLJK DQG SOD\ DQ438 
LPSRUWDQW UROH LQ OLJKW H[WLQFWLRQ ZKLFK LQ UHWXUQ OHDG WR D JUHDW LPSDFW RQ DOJDO439 
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JURZWKDQGWKHQDIIHFWWKHVLPXODWLRQRIQXWULHQWV7HPSHUDWXUHZDVDOVRDVLJQLILFDQW440 
IDFWRULQDOJDOJURZWKDQGWKHVXERSWLPDOWHPSHUDWXUHHIIHFWFRHIILFLHQW.7*FZDV441 
DYHU\VHQVLWLYHSDUDPHWHULQWKHOLPLWDWLRQRIWHPSHUDWXUHLQRXUUHVHDUFK'XHWRWKH442 
JUHDWFKDQJHRIWHPSHUDWXUHVHDVRQDOO\LQ/DNH7DLKX WHPSHUDWXUHHIIHFWFRHIILFLHQW443 
ZDVVHQVLWLYHZKLFKZDVQRWIRXQGLQODNHVZLWKOLWWOHGLIIHUHQFHLQWHPSHUDWXUHRYHU444 
WLPHOLNH'LDQFKL(Yi et al. 2016) 445 
4.2 6SDWLDOYDULDELOLW\RIVHQVLWLYLW\DQGXQFHUWDLQW\ 446 
6HQVLWLYHSDUDPHWHUVZHUHDSSDUHQWO\ UHODWHG WRFRQFHQWUDWLRQVRIZDWHUTXDOLW\447 
LQGLFDWRUVLQWKHWKUHHVXEDUHDV,QWKH&HQWUDO=RQHDQG6RXWKZHVW=RQHZLWKORZHU448 
FRQFHQWUDWLRQVWKHUDQNRIYHU\VHQVLWLYHSDUDPHWHUVZDVDOPRVWLGHQWLFDOZKLOHWKH\449 
FKDQJHG VLJQLILFDQWO\ LQ 0HLOLDQJ %D\ 7DEOH  ,Q VLPXODWLRQV RI SKRVSKRUXV IRU450 
H[DPSOH%05FDQG355FZHUHPRUHVHQVLWLYHLQ0HLODQJ%D\ZKLOH:6FDQG30F451 
ZHUH YHU\ VHQVLWLYH LQ RWKHU WZR VXEDUHDV ZLWK ORZHU QXWULHQWV FRQFHQWUDWLRQV ,Q452 
0HLOLDQJ %D\ .7*F ZDV WKH PRVW VHQVLWLYH SDUDPHWHU LQ VLPXODWLRQV RI PRVW453 
LQGLFDWRUV ZKLFK PHDQW WKDW WHPSHUDWXUH ZDV WKH PRVW VLJQLILFDQW IDFWRU LQ WKLV454 
VXEDUHD ,Q VXEDUHDV ZLWK ORZHU FRQFHQWUDWLRQV LH &HQWUDO =RQH DQG 6RXWKZHVW455 
=RQH.H&KOZHUHWKHPRVWLPSRUWDQWSDUDPHWHUV7DEOH7KXVLQIOXHQFHRIOLJKW456 
VKRXOGEHJLYHQ JUHDWHU DWWHQWLRQ:HDWWULEXWH WKHSKHQRPHQRQ WR WKH GLIIHUHQFH LQ457 
OLPLWLQJ IDFWRUV LQ WKUHH VXEDUHDV ,Q VXEDUHDVZLWK ORZHUDOJDHFRQFHQWUDWLRQDOJDH458 
SOD\DQ LPSRUWDQW UROH LQ OLJKWH[WLQFWLRQZKLFK LQ UHWXUQ OHDG WRDJUHDW LPSDFWRQ459 
DOJDOJURZWKDQGWKHQDIIHFW WKHVLPXODWLRQRIQXWULHQWV+RZHYHU LQIOXHQFHRI OLJKW460 
GHFUHDVHV LQ VXEDUHDVZLWK WRRKLJKDOJDH FRQFHQWUDWLRQEHFDXVH DOJDHRQ WKHZDWHU461 
VXUIDFHKDVDOUHDG\LQWHUFHSWHGPRVWOLJKW7HPSHUDWXUHWKHQEHFDPHDOLPLWLQJIDFWRU462 
LQWKHVHVXEDUHDV  463 
1RWRQO\ OLJKW DQG WHPSHUDWXUHKDYH JUHDW LPSDFW LQ VLPXODWLRQ EXW DOVRRWKHU464 
ERXQGDU\FRQGLWLRQVFRXOGDOVREHUHVSRQVLEOHIRUWKHVSDWLDOYDULDELOLW\RIVHQVLWLYLW\465 
)RUH[DPSOHZLQGVSHHGZDVIRXQGWRKDYHWKHODUJHVWLPSDFWRQVLPXODWLRQEHWZHHQ466 
LQRXWIORZZLQGVSHHGZLQGGLUHFWLRQDQGLQLWLDOZDWHUOHYHO(Li et al. 2014)7KXV467 
 25 
 
VRPH SDUDPHWHUV FRQFHUQHG ZLWK ZLQG OLNH ZLQG GUDJ FRHIILFLHQW ZHUH IRXQG WR EH468 
YHU\VHQVLWLYHLQRXUSUHYLRXVUHVHDUFKRQK\GURG\QDPLFFRQGLWLRQV(Li and Tang et al. 469 
2015)7KHHIIHFWVRIH[WHUQDOQXWULHQWVUHGXFWLRQVRQDOJDOEORRPVZHUHLQYHVWLJDWHG470 
WRHYDOXDWHWKHLQIOXHQFHRIERXQGDU\FRQGLWLRQVRQWKHPRGHODQGUHVXOWVVKRZHGWKDW471 
&KORURSK\OOD&KO-DFRQFHQWUDWLRQVRQO\GHFUHDVHGDOLWWOHZKHQLPSOHPHQWLQJKLJK472 
QXWULHQWV UHGXFWLRQ VFHQDULR (Tang et al. 2016) ,W LV FRQVLVWHQWZLWKRXU UHVXOWV WKDW473 
OLWWOHSDUDPHWHUVUHODWHGWRQXWULHQWVZHUHVHQVLWLYH 474 
 7DEOH6HQVLWLYLW\UDQNVRISDUDPHWHUVLQWKHWKUHHODNHVXEDUHDV 475 
6XEDUHD 5DQN $PPRQLDQLWURJHQ 
1LWUDWH
QLWURJHQ 
7RWDO
QLWURJHQ 
3KRVSKDW
H 
7RWDO
SKRVSKRUXV 
&KORURSK\OO
-$ 
0HLOLDQJ
%D\  .7*F .7*F .7*F %05F 355F .7*F 
 
 .H&KO 30F - .H&KO - 355F 
 
 %05F .H&KO - - - - 
 
 30F - - - - - 
&HQWUDO
=RQH  .H&KO 30F 355F :6F 30F .H&KO 
 
 30F .H&KO - %05F .H&KO 30F 
 
 - .7*F - - - - 
 
 - .'& - - - - 
6RXWKZHVW
=RQH  .H&KO .H&KO 355F :6F 30F .H&KO 
 
 30F 30F - - %05F 30F 
 
 - .7*F - - - - 
 
 - .'& - - - - 
8QFHUWDLQW\ RI VLPXODWLRQ DOVR KDG D FORVH UHODWLRQVKLS ZLWK LQGLFDWRUV¶476 
FRQFHQWUDWLRQLQGLIIHUHQWVXEDUHDV0HLOLDQJ%D\LVFRQQHFWHGWRVRPHLQIORZULYHUV477 
ZLWKKLJKFRQFHQWUDWLRQVRIQXWULHQWVDQGJUHDWHUEHQWKLFIOX[HVGXHWRWKLFNVHGLPHQW478 
GHSRVLWV (Luo et al. 2004) 7KH VLPXODWLRQ LQ WKLV VXEDUHDV ZDV WKHUHIRUH OHVV479 
LQIOXHQFHG E\ PRGHO SDUDPHWHUV DQG ORZHU FRQFHQWUDWLRQ VXEDUHDV VKRXOG EH JLYHQ480 
PXFK DWWHQWLRQ ZKHQ PRGLI\LQJ SDUDPHWHUV ,Q DGGLWLRQ FXUUHQWV DQG ZDYHV ZHUH481 
ZHDNLQWKLVED\DUHDZKHUHWKHLPSDFWRIZLQGLVH[SHFWHGWREHOHVVWKDQRWKHUWZR482 
VXEDUHDV 7KH FDOFXODWLRQ RI ZDWHU TXDOLW\ YDULDEOHV ZDV EDVHG RQ K\GURG\QDPLF483 
FRQGLWLRQV VWURQJ FXUUHQWV DQG ZDYHV ZLOO DFFHOHUDWH WUDQVSRUWDWLRQ DQG484 
WUDQVIRUPDWLRQRIQXWULHQWVZKLFKUHVXOWVLQKLJKHUUHODWLYHXQFHUWDLQW\LQWKH&HQWUDO485 
=RQHDQG6RXWKZHVW=RQH  486 
 8QFHUWDLQW\RIVLPXODWLRQZDVUHODWHGWRWKHVLPXODWLRQWLPHDVZHOO$FFRUGLQJ487 
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WR WKH UHVXOWV WKH XQFHUWDLQW\ LQ WKH WKUHH VXEDUHDV LQFUHDVHG UDSLGO\ ZKHQ WKH488 
VLPXODWLRQWLPHZDVRYHUGD\VZKLOHWKHFRQFHQWUDWLRQRIDOJDHEHJDQWRULVHDQG489 
DOJDHEORRPVIUHTXHQWO\RFFXUUHGDWWKHVDPHWLPH:LWKLQFUHDVLQJ WHPSHUDWXUHDQG490 
OLJKWLQWHQVLW\DOJDOJURZWKEDVDOPHWDEROLVPDQGVRPHRWKHUDOJDONLQHWLFSURFHVVHV491 
EHFDPHPRUHDFWLYH)URPWKHUHVXOWVRIWKHVHQVLWLYLW\DQDO\VLVWKDWPRVWVHQVLWLYLW\492 
SDUDPHWHUVZHUHUHODWHGWRDOJDONLQHWLFVZHLQIHUWKDWWKHLQFUHDVHGXQFHUWDLQW\RYHU493 
WLPHPRVWO\UHVXOWHGIURPHQKDQFHGDOJDONLQHWLFSURFHVVHV  494 
)LQDOO\LWZDVKDUGWRVLPXODWHDOOZDWHUTXDOLW\LQGLFDWRUVWKURXJKPRGLILFDWLRQ495 
RIPRGHOSDUDPHWHUVVLQFHRWKHUXQFHUWDLQIDFWRUVDOVRVKRZHGVLJQLILFDQW LPSDFWRQ496 
VLPXODWLRQ UHVXOWV 6HYHUDO LPSRUWDQW QXWULHQWV SHDNV ZHUH PLVVHG LQ )LJV  	 497 
$OPRVWDOORIWKHPLVVHGSHDNVZHUHORFDWHGLQRIIVKRUHDUHDVLH0HLOLDQJ%D\DQG498 
6RXWKZHVW=RQHZKLFKZHUHKLJKO\LQIOXHQFHGE\ERXQGDU\FRQGLWLRQV:HDWWULEXWHG499 
WKH UHVXOW WR WKH XQFHUWDLQW\ RI QXWULHQWV ORDGLQJ GDWD HVSHFLDOO\ IRU WKH QRQ-SRLQW500 
VRXUFH SROOXWLRQ :H FKHFNHG WKH UDLQIDOO GDWD DQG IRXQG WKDW WKHUH LV D VWURQJ501 
UHODWLRQVKLSEHWZHHQPLVVHGSHDNVDQGWKHLQWHQVLW\RIUDLQIDOO:HVXJJHVWHGWKDWWKH502 
QRQ-SRLQW VRXUFH SROOXWLRQ UHVXOWHG IURP UDLQIDOO ZDV XQGHUHVWLPDWHG ZKLFK FDXVHG503 
UHGXFHLQQXWULHQWVORDGLQJ  504 
4.3 *HQHUDOL]DWLRQIRUDODUJHUPRGHOOLQJFRPPXQLW\DQGIXWXUHZRUN  505 
([FHSW H[WHUQDO LQSXW IURP ULYHUV DQG LQWHUQDO LQSXW IURP VHGLPHQW EHGV506 
ELRORJLFDODFWLYLW\LVDVLJQLILFDQWSDUWIRUQXWULHQWVVLPXODWLRQLQ WKHVHPRGHOVZLWK507 
PRUH VHQVLWLYH SDUDPHWHUV WKDQ WKDW LQ K\GURO\VLV PLQHUDOL]DWLRQ DQG VHWWOHPHQW508 
6LQFHQHWDOJDOSURGXFWLRQFDQEHGLYLGHGLQWRILYHSKDVHVDOJDOJURZWKPHWDEROLVP509 
SUHGDWLRQ VHWWOLQJ DQG H[WHUQDO VRXUFHV (Ji 2007) PD[LPXP JURZWK UDWH EDVDO510 
PHWDEROLVPUDWHDQGSUHGDWLRQUDWHZHUHVHQVLWLYHDSSDUHQWO\ZKLFKZDVIRXQGERWK511 
LQRXUVWXG\DQGRWKHUSODFHV OLNH /DNH.LQQHUHW EDVHGRQD'<5(60±&$('<0512 
PRGHO (Bruce et al. 2006) /LJKW ZDV DQ LPSRUWDQW OLPLWDWLRQ RQ DOJDH JURZWK DQG513 
OLJKW H[WLQFWLRQ GXH WR &KORURSK\OO-$ ZDV D YHU\ VHQVLWLYH SDUDPHWHU LQ WKLV VWXG\514 
+RZHYHUIRUVRPHGHHSODNHVOLNH/DNH:DVKLQJWRQEDFNJURXQGOLJKWH[WLQFWLRQZDV515 
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PRUH VHQVLWLYH (Arhonditsis and Brett 2005) 7KXV OLJKW H[WLQFWLRQ GXH WR516 
&KORURSK\OO-$ LQ VKDOORZ ODNHVZLWK VHULRXV DOJDO EORRPVZHUHPRUH VHQVLWLYH WKDQ517 
WKDWLQGHHSODNHVZKHUHEDFNJURXQGOLJKWH[WLQFWLRQZDVPRUHVHQVLWLYH7HPSHUDWXUH518 
ZDV DOVR D VLJQLILFDQW IDFWRU LQ DOJDO JURZWK DQG WKH RSWLPDO WHPSHUDWXUH HIIHFW519 
FRHIILFLHQW ZDV D YHU\ VHQVLWLYH SDUDPHWHU LQ WKH OLPLWDWLRQ RI WHPSHUDWXUH LQ RXU520 
UHVHDUFK6HDVRQDOWHPSHUDWXUHYDU\LQJZLGHO\LQ/DNH7DLKXZDVPRVWO\ORZHUWKDQ521 
WKH RSWLPDO WHPSHUDWXUH IRU F\DQREDFWHULDO JURZWK ,Q FRQWUDVW WKH WHPSHUDWXUH RI522 
/DNH'LDQFKLZDVKLJKHUWKDQ WKDWRI/DNH7DLKXDQGWHPSHUDWXUHHIIHFWFRHIILFLHQW523 
ZDVQRWDVHQVLWLYHSDUDPHWHULQWKH'LDQFKL0RGHO(Yi et al. 2016)+HQFHZHLQIHU524 
WKDW WKH WHPSHUDWXUH HIIHFW FRHIILFLHQW PLJKW WXUQ RXW WR EH D VHQVLWLYH SDUDPHWHU LQ525 
ODNHV ZLWK DQ REYLRXV VHDVRQDO WHPSHUDWXUH YDULDWLRQ 6RPH ZDWHU TXDOLW\ PRGHOV526 
XVHG ZLGHO\ DUH EDVHG RQ VLPLODU WKHRU\ ZKLFK FRQWDLQV GLVVROYHG R[\JHQ DOJDH527 
QXWULHQWV DQG VR RQ 6RPH PRGHUQ PRGHOV DUH RQO\ VXEWOH YDULDWLRQV RQ PRGHO528 
VWUXFWXUHVHVWDEOLVKHGLQWKHVRUHDUOLHU(Franks 2009)7KHJRYHUQLQJHTXDWLRQV529 
LQWKHVHPRGHOVVXFKDV()'&:$63DQG'<5(60DUHVLPLODUDVZHOO(Park et al. 530 
2005; Cerco and Cole 1993)ZKLFKHQFRXUDJHXVWRH[WHQGWKHUHVXOWVLQWKLVVWXG\WR531 
DODUJHUPRGHOOLQJFRPPXQLW\  532 
3URGXFLQJDEHOLHYDEOHRXWSXWUHTXLUHVQRWRQO\DUHDOLVWLFJURZWKUDWHUHVSRQVH533 
WR OLPLWLQJ QXWULHQWV EXW DOVR D UHDOLVWLF FRQVXPSWLRQ RI QRQ¶ RU OHVVHU OLPLWLQJ534 
QXWULHQWV (Flynn 2003; Flynn 2005) )RU WKH IXWXUH ZRUN YDULDEOH VWRLFKLRPHWU\535 
SK\WRSODQNWRQ PRGHOV OLNH &DSHURQ-0H\HU TXRWD PRGHO QHHG WR EH FRQVLGHUHG IRU536 
QRQ-VWHDG\ VWDWH DSSOLFDWLRQV UDWKHU WKDQ VRPH WUDGLWLRQDO PRGHOV OLNH537 
0LFKDHOLV-0HQWHQ QXWULHQW NLQHWLFV (Flynn 2008, 2005; Flynn and Mitra 2016)538 
7KRXJK WKLV UHTXLUHV EHWWHU VWDWLVWLFDO FRPSDULVRQV RI PRGHOV DQG GDWD LW FDQ PDNH539 
SODQNWRQLF HFRV\VWHP PRGHOV PXFK PRUH SRZHUIXO WRROV (Franks 2009) 5HGILHOG±540 
0RQRG PRGHOV RIWHQ XVH QXWULHQW OLPLWDWLRQ DV D VLJQLILFDQW IDFWRU FRQWUROOLQJ541 
SK\WRSODQNWRQJURZWKDQG\HWELRORJLFDOO\VXFKQXWULHQWOLPLWDWLRQLVDVVRFLDWHGZLWK542 
VLJQLILFDQW YDULDWLRQ LQ HOHPHQWDO VWRLFKLRPHWU\ (Flynn 2010) VXFK DV WKH YDULDEOH543 
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VWRLFKLRPHWU\&13DQGLQVRPHPRGHOV&&KORISK\WRSODQNWRQFHOOV (Jackson et 544 
al. 2017; Butenschn et al. 2016; Robson 2014; Baird et al. 2013; Flynn 2001; Droop 545 
1975) ,W FDQ GHPRQVWUDWH WKH EHKDYLRU RI WKH G\QDPLF &KO SDUDPHWHUL]DWLRQ RYHU D546 
UDQJHRIOLJKW-DQGQXWULHQW-OLPLWLQJHQYLURQPHQWVIRUSK\WRSODQNWRQRIGLIIHUHQWVL]HV547 
DQGJURZWKUDWHV(Baird et al. 2013)7KHDSSURSULDWHGHVFULSWLRQRIWKHFRQWURORIWKH548 
WUDQVSRUWRI WKHQRQ-OLPLWLQJQXWULHQW LV DOVR LPSRUWDQWDQGD¿[HGDOJDO13VKRXOG549 
QRWEHDVVXPHG(Flynn 2008) 550 
,QFOXGLQJ]RRSODQNWRQH[SOLFLWO\UDWKHUWKDQDIL[HGSUHGDWLRQUDWHOHDGVWRPXFK551 
PRUHUHDOLVWLFSODQNWRQG\QDPLFV'XHWRWKHFRPSOH[LW\RI]RRSODQNWRQPRGHOWKHUH552 
DUHQRDGYDQFHGPRGXOHLQ()'&FXUUHQWO\&XUUHQWNQRZOHGJHRISODQNWRQHFRORJ\553 
DVFULEHV D ODUJH SURSRUWLRQ RI ]RRSODQNWRQ ORVVHV WR ]RRSODQNWRQ FDQQLEDOLVP DQG554 
FDUQLYRU\ UDWKHU WKDQ YLD WKH DFWLYLW\ RI KLJKHU WURSKLF OHYHOV EH\RQG WKH SODQNWRQ555 
3ODQNWRQLF HFRV\VWHP PRGHOV W\SLFDOO\ UHSUHVHQW DOO ]RRSODQNWRQ ORVVHV E\556 
PDWKHPDWLFDOO\ UDWKHU WKDQ ELRORJLFDOO\ MXVWLILHG FORVXUH IXQFWLRQV (YHQ WKHVH557 
FORVXUH IXQFWLRQV LQFOXGH ]RRSODQNWRQLF FDQQLEDOLVP DQG FDUQLYRU\ WKHVH SURFHVVHV558 
DUHQRWH[SOLFLWO\LPSOHPHQWHGZLWKLQWKHJUD]LQJIXQFWLRQ:KLOHWKHELRPDVVRXWSXWV559 
PD\ DSSHDU VLPLODU WKH IDWH RI DQQXDO SULPDU\ SURGXFWLRQ DQG I-UDWLRV YDU\ ZLGHO\560 
(Mitra 2009)  561 
5 Conclusions 562 
,Q WKLV UHVHDUFK QXWULHQWV ZHUH FKRVHQ DV RXWSXW LQGLFDWRUV DQG  SDUDPHWHUV563 
ZHUH VDPSOHG */8( DQG 56$ PHWKRGV ZHUH DSSOLHG WR DQDO\]H WKH SDUDPHWULF564 
XQFHUWDLQW\DQGVHQVLWLYLW\RIWKH()'&PRGHOLQ/DNH7DLKXDW\SLFDOODUJHVKDOORZ565 
ODNH 7KUHH SDUDPHWHUV UHODWHG WR DOJDO NLQHWLFV LH 30F %05F DQG 355F ZHUH566 
VHQVLWLYHSDUDPHWHUVLQWKHVLPXODWLRQRIZDWHUTXDOLW\LQWKHHXWURSKLFZDWHUERG\)RU567 
VKDOORZODNHVZLWKIUHTXHQWDOJDOEORRPVOLJKWH[WLQFWLRQGXHWR&KORURSK\OO-DLVDOVR568 
D VHQVLWLYH SDUDPHWHU ZKLOH EDFNJURXQG OLJKW H[WLQFWLRQ KDV DOVR EHHQ VKRZQ WR EH569 
VHQVLWLYH IRU GHHS ODNHV )RU ODNHV ZLWK VHDVRQDO WHPSHUDWXUH YDULDWLRQ WKH570 
WHPSHUDWXUHHIIHFWFRHIILFLHQWIRUDOJDOJURZWKLVVHQVLWLYH6HQVLWLYHSDUDPHWHUVDOVR571 
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YDULHGLQGLIIHUHQWODNHVXEDUHDV)RUKLJKQXWULHQWVDQGDOJDHFRQFHQWUDWLRQVXEDUHDV572 
WHPSHUDWXUHZDVPRUHOLNHO\WREHDOLPLWLQJIDFWRUZKHUHDVVHQVLWLYHIDFWRUVFRXOGEH573 
OLJKWLQORZHUFRQFHQWUDWLRQVXEDUHDV6LQFHPRVWVHQVLWLYHSDUDPHWHUVZHUHUHODWHGWR574 
DOJDH XQFHUWDLQW\ RI VLPXODWLRQ UHVXOWV LQFUHDVHG ZLWK LQFUHDVH LQ DOJDO NLQHWLF575 
SURFHVVHV RYHU WLPH ,W DOVR YDULHG LQ GLIIHUHQW VXEDUHDV /RZHU QXWULHQWV DQG DOJDH576 
FRQFHQWUDWLRQ VXEDUHDV ZHUH PRUH HDVLO\ LQIOXHQFHG E\ PRGHO SDUDPHWHUV DQG577 
QHDUVKRUHDUHDVZHUHKLJKO\LQIOXHQFHGE\ERXQGDU\FRQGLWLRQV)RUWKHIXWXUHZRUN578 
YDULDEOHVWRLFKLRPHWU\SK\WRSODQNWRQPRGHOVZLOOEHFRQVLGHUHGDQG]RRSODQNWRQZLOO579 
EHLQWHJUDWHGLQWRWKHPRGHOH[SOLFLWO\UDWKHUWKDQDIL[HGSUHGDWLRQUDWH 580 
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